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ciation for Thoracic Surgerydoi:10.1016/j.jtcvs.2004.08.014Objective: Atherosclerosis is a chronic and diffuse disease that affects all vascular
beds. However, some vascular beds are more prone to atherosclerosis than others.
Recent evidence suggests a role for the vasa vasorum in the atherosclerotic process.
We hypothesized that there is a difference in adventitial vasa vasorum structure
between the left internal thoracic artery and the coronary artery. Hence the current
study was designed to characterize and compare the structure of the adventitial vasa
vasorum in the left internal thoracic and coronary arteries.
Methods: Samples of vessels were obtained from female crossbred domestic pigs
maintained on a normal (n  6) or high-cholesterol (n  6) diet for 12 weeks. The
samples were scanned with micro–computed tomography, and the tomographic
images were reconstructed and analyzed to obtain lumen area, vessel wall area, vasa
vasorum count, vasa vasorum density, mean diameter of first- and second-order vasa
vasorum, and second-order/first-order vasa vasorum ratio.
Results: Vasa vasorum density was significantly higher in the coronary arteries
versus that seen in the left internal thoracic arteries in the normal group, as well as
in the high-cholesterol group. The higher vasa vasorum density in the high-
cholesterol group versus that in the normal group was significant for both vessels,
being more pronounced in the left internal thoracic artery. Lumen area and second-
order/first-order vasa vasorum ratio were higher in the high-cholesterol group than
in the normal group only in the left internal thoracic artery.
Conclusion: This study demonstrated that low vasa vasorum spatial density and
higher lumen area observed in the left internal thoracic artery compared with that
seen in the native coronary artery can be the structural background for the low
incidence of atherosclerosis in this vessel.
Atherosclerosis is a chronic and diffuse disease that affects allvascular beds. However, it is apparent that some vascular beds aremore prone to atherosclerosis than others. The coronary vascula-ture is the most affected by the atherosclerotic process, as re-flected in the data recently published by the American HeartAssociation1 and supported by autopsy-based studies.2,3 In con-
trast, the left internal thoracic artery (LITA) is well known for its low incidence of
atherosclerosis,4 a biologic characteristic that makes it an excellent conduit for
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coronary artery bypass grafting.5 However, the inherent
features responsible for the differential vascular propensity
for atherosclerosis remain unclear.
Traditionally, the outer wall of the vessel, which includes
the adventitial layer and the vasa vasorum (VV), has been
ascribed a passive role in the pathologic process of athero-
sclerosis. However, recent evidence suggests that these
structures might play a significant role in maintaining vessel
integrity and might contribute to the initiation and progres-
sion of atherosclerosis.6 Indeed, experimental studies dem-
onstrated that manipulation of the adventitia and, more
specifically, of the VV could lead to atherosclerotic changes
of the intima.7 Vice versa, atherosclerotic lesion formation
  N-Coronary                   N-LITA                  
Figure 1. Representative micro-CT images of the coron
maintained on a normal diet (N) and a high-cholestero
TABLE 1. Micro-CT analysis data: Morphologic characteri
normal or high-cholesterol diets for 12 weeks (mean SE
Normal die
Coronary artery LIT
Host vessel dimensions
Lumen area (mm2 mean/section) 3.11 0.19 3.6
Vessel wall area (mm2 mean/
section)
2.1  0.08 7.18
Vasa vasorum dimensions
Vasa vasorum count (n mean/
section)
6.45 0.63 1.55
Vasa vasorum density (n/mm2
mean/section)
2.91 0.26 0.22
Second-order/first-order vasa
vasorum ratio (mean/section)
4.22 0.46 0.84
First-order vasa vasorum
diameter (m)
84.17 2.4 79.28
Second-order vasa vasorum
diameter (m)
58.1 2.2 57.4
*P  .001 versus LITA, normal diet.
†P  .001 versus coronary artery, normal diet.is associated with remarkable neovascularization of the
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CT) technology,9 we were recently able to outline the 3-
dimensional anatomy of the VV in normal and hypercho-
lesterolemic porcine coronary arteries, showing an en-
hanced VV neovascularization in hypercholesterolemia.10
The increase in the spatial density of the adventitial VV
precedes endothelial dysfunction, suggesting a significant
role for VV proliferation in the early atherosclerotic remod-
eling process before functional alterations and plaque for-
mation.11
We hypothesized that the LITA would have lower VV
density in normal animals and attenuated response when
exposed to hypercholesterolemia in comparison with the
-Coronary                          HC-LITA
rtery and the left internal thoracic artery (LITA) of pigs
t (HC) for 12 weeks.
of the LITA and coronary vessels from pigs maintained on
High-cholesterol diet
P value Coronary artery LITA P value
.364 3.19 0.11 5.13 0.14* .001
.001 2.97 0.2† 9.36 0.48* .001
.001 13.6 0.7† 8.56 0.42* .001
.001 5.09 0.37† 1.01 0.06* .001
.001 4.25 0.31 5.77 0.52* .022
.02 97.28 5.41 107.2 4.27* .057
.09 55.67 1.23 67.6 1.9* .001      HC
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)
t
A
0.29
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0.24
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7.34
5.7coronary arteries. Hence in the current study micro-CT
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Ptechnology was applied to characterize the structure of the
adventitial VV in the LITA in comparison with that seen in
the coronary artery under normal and hypercholesterolemic
conditions. Specifically, vessel lumen area, VV spatial den-
sity, distribution, diameter of the first and second order, and
second-order/first-order VV ratio are compared.
Methods
Animals
The institutional animal care and use committee approved the
study. Experiments were conducted on juvenile domestic cross-
bred pigs (weight, 55-65 kg; Larson Farms, Seargent, Minn)
placed on a normal chow diet (n 6) or on a hypercholesterolemic
diet (HC diet; n  6; 2% cholesterol, 15% lard, TD 93296, Harlan
Teklad, Madison, Wis) for 12 weeks. The swine is an established
model to study human disease because its cardiovascular anatomy
and physiology are comparable with those of human subjects.12 As
we have previously demonstrated, feeding a high-cholesterol diet
leads to a gradual increase in serum concentrations of total and
low-density lipoprotein cholesterol over time, as well as accumu-
lation of lipids in the intima and endothelial dysfunction before
formation of atherosclerotic lesions.9
After the completion of the study period, the animals were
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Figure 2. Correlation between second-order/first-order VV ratio
and VV density in the coronary artery and the left internal tho-
racic artery (LITA) of pigs maintained on normal diet (N) and a
high-cholesterol diet (HC) for 12 weeks.killed with an overdose of pentobarbital sodium (10 mL of Slee-
The Journal of Thoracipaway, Fort Dodge Laboratories, Sligo, Ireland). Coronary arteries
and LITAs were harvested immediately after death.
Micro-CT Analysis
As described previously,13 a glass cannula was advanced into the
most proximal part of each artery, followed by injection of 500 mL
of heparinized saline (0.9% sodium chloride with 5000 IU of
heparin) at an infusion rate of 10 mL/min to clear the circulation
from remaining blood and microthrombi. Next, a low-viscosity (20
cP) lead chromate–doped silicone polymer (Microfil, MV-122;
Canton Biomedical Products, Newington, Conn) was injected into
the regional circulation at a rate of 0.6 mL/min (pressure, 70 mm
Hg) until the polymer emerged from the veins. After overnight
refrigeration at 4°C to allow polymerization of the compound, the
arteries were carefully dissected, preserving the adventitia intact,
and placed in a 36.5% formaldehyde solution. Subsequently, spec-
imens were placed in glycerin solution at increasing concentrations
(30%, 50%, 75%, and 100% changed at 24-hour intervals) for
dehydration of the segments and thereafter rinsed with acetone,
air-dried for 24 hours, and embedded in a paraffin mold for
3-dimesnional (3D) Micro-CT imaging.
The scan yielded an image with a 3D matrix of 42-m cubic
voxels with 16 bits of gray scale (Figure 1). Data analysis was
performed with Analyze software (Biomedical Imaging Resource,
Rochester, Minn). On average, 6 to 12 cross-sections at 50-m
intervals in areas between branch points were chosen for region-
of-interest analysis. The area used for VV analysis was determined
as previously described, normalized to the vessel lumen area, and
designated the vessel wall area.14 The host vessel and the VV were
manually traced and measured in this area on each cross-section,
yielding the following parameters: vessel lumen area, vessel wall
area, VV count, VV spatial density (ie, number of VV/mm2 vessel
wall area), mean diameter of first- and second-order VV, and
second-order/first-order VV ratio. First-order VV was defined as
that originating from the vessel lumen and running longitudinally,
and second-order VV was defined as that originating from first-
Figure 3. Enzyme-linked immunosorbent assay for VEGF in the
coronary artery and left internal thoracic artery (LITA) of pigs
maintained on a normal diet (N) and a high-cholesterol diet (HC)
for 12 weeks. An increase in VEGF expression in both vascular
beds in response to the HC diet is observed.order VV and running circumferentially.15
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After embedding in paraffin, cross-sections of the arteries were
mounted on slides. After deparaffinizing and hydrating, the tissue
presence of nuclear factor B (NF-B) was assessed as previously
reported.16 Nonspecific protein-binding sites were blocked for 20
minutes at room temperature (protein block, DAKO, Carpinteria,
Calif), followed by an overnight incubation at 4°C with the pri-
mary antibody polyclonal anti-p65 (1:25, Zymed Laboratories, Inc,
San Francisco, Calif). The sections were subsequently covered
with secondary antibodies conjugated to a horseradish peroxidase–
labeled polymer for 30 minutes at room temperature (Envision)
and then stained with diaminobenzidine (Vector Laboratories,
Burlingame, Calif). Counterstaining was performed with hematox-
ylin before the sections were mounted in aqueous glycerol gelatin
medium. In each group of slides, one slide served as a negative
control by using rabbit IgG.
Stained slides were viewed under a microscope (Olympus,
Leeds Precision Instruments, North Minneapolis, Minn), and pic-
tures were taken with an imaging program (SPOT Advanced 3.3,
Diagnostic Instruments, Inc, Sterling Heights, Mich ).
Enzyme-Linked Immunosorbent Assay for Vascular
Endothelial Growth Factor
Arterial segments, being snap-frozen immediately after removal,
Figure 4. Immunohistochemistry for NF-B (subunit p65
and in the adventitia (white arrows) of both vessels fro
receiving a normal diet showed minimal staining for NF
number of elastic laminae in its media (black double-h
coronary artery contains a high amount of smooth mu
laminae.were homogenized with a tissue homogenizer and a lysis buffer, as
770 The Journal of Thoracic and Cardiovascular Surgery ● Apripreviously described.17 Vascular endothelial growth factor
(VEGF) was measured by means of enzyme-linked immunosor-
bent assay (Quantikine Human VEGF Immunoassay, R&D Sys-
tems, Inc, Minneapolis, Minn) that detects soluble VEGF within an
equal amount of total protein extracted from the tissue samples.
Assays were conducted according to the manufacturer’s directions,
and standards and samples were tested in duplicate. Results were
calculated from a standard curve, generated by an 8-parameter
logistic curve fit, and expressed in picograms per milliliter.
Statistical Analysis
Continuous data are expressed as means  SE. Group comparison
was based on t tests for normal groups and Mann-Whitney rank
sum tests for nonnormal groups. Pearson product moment corre-
lation was used for correlation assessment.
Results
Lipid Profile
The HC group had a significantly higher level of total
cholesterol (379.3  33.2 vs 72.6  4.8 mg/dL, P  .001),
low-density lipoprotein (272.2 28.9 vs 35.4 4.6 mg/dL,
P  .001), high-density lipoprotein (97.9  8.4 vs 32.5 
3.4 mg/dL, P  .001), and triglycerides (34.5  7.1 vs 23.8
-B is localized in the endothelial cells (black arrows)
s receiving a high-cholesterol diet. Vessels from pigs
The left internal thoracic artery (LITA) contains a large
d arrows) and few smooth muscle fibers, whereas the
fibers (white double-headed arrows) and few elastic). NF
m pig
-B.
eade
scle 2.4 mg/dL, P  .043) versus the normal group.
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PDimensional Analysis of the Vessel Wall and VV
Lumen area. The luminal area of the LITAs and coro-
nary arteries was similar in the normal group. In the HC
group the luminal area of the LITAs was significantly
higher than the luminal area of the coronary arteries, as well
as the luminal area of the LITAs in the normal group. No
difference was observed between the luminal area of the
coronary arteries in pigs receiving the HC diet and those
receiving the normal diet (Table 1).
Vessel wall area, VV count, and VV density. As dis-
played in Table 1, in the normal group the LITAs had a
significantly higher vessel wall area with a significantly
lower VV count than the coronary arteries, resulting in a
lower VV density. A significantly higher vessel wall area,
VV count, and VV density was observed in both vascular
beds in the HC group than in the normal group, being more
pronounced in the LITAs. However, VV density remained
significantly lower in the LITAs than in the coronary arter-
ies (Table 1).
Second-order/first-order VV ratio. In the normal group
the second-order/first-order VV ratio was lower in the LI-
TAs compared with that seen in the coronary arteries (Table
1). This relationship was inverted in the HC group, with a
significantly higher second-order/first-order VV ratio in the
LITAs. A significantly positive correlation was found be-
tween VV density and the second-order/first-order VV ratio
in both arteries in both groups (Figure 2). The positive
correlation likely reflects the fact that a higher VV density
is due to an increase in the second-order VV count rather
than first-order VV.
VV diameter. First-order and second-order VV diame-
ters were not different between the LITAs and the coronary
arteries in the normal group. On the other hand, first-order
and second-order VV diameter of the LITAs in the HC
group were larger than that of the LITAs in the normal
group, as well as that of the coronary arteries in the HC
group (Table 1).
Vascular Endothelial Growth Factor
As displayed in Figure 3, VEGF levels were not signifi-
cantly different between the coronary arteries and the LI-
TAs in the animals receiving the normal diet, as well as in
the animals receiving the HC diet. An increase in VEGF
levels was observed in both vessels when exposed to hy-
percholesterolemia; however, this increase was significant
only in the coronary arteries (P  .05).
Nuclear Factor B
Immunohistochemistry localized NF-B (subunit p65) to
the endothelial cells and the adventitia of the LITAs and the
coronary arteries from pigs receiving an HC diet (Figure 4).
Vessels from pigs receiving a normal diet showed minimal
staining for NF-B.
The Journal of ThoraciAtherosclerotic lesions were not observed in any of the
vessels studied on histologic cross-section. Figure 4 further
illustrates the significant structural difference between the 2
vascular beds. Coronary arteries are muscular, and their
media contain a large number of smooth muscle fibers with
few elastic laminae, whereas LITAs are elastic arteries with
a large number of elastic laminae and few smooth muscle
fibers in the media.
Discussion
The current study demonstrates a significant difference in
the structure of the adventitial VV between coronary arter-
ies and LITAs in animals receiving both normal and HC
diets. Combined with the established differences in athero-
sclerosis prevalence between these 2 vascular beds, the
results suggest a possible pathophysiologic role for the
adventitial VV in atherogenesis.
Numerous in vivo and in vitro animal experiments have
been done to study the biologic behavior of the internal
thoracic arteries.18 However, despite recent studies,6 there is
a lack of information regarding the role of the adventitial
VV in atherosclerosis. Micro-CT is a novel technology that
enables us to outline the 3D anatomy of the VV. We have
previously demonstrated that VV spatial density increases
in hypercholesterolemic porcine coronary arteries, suggest-
ing a significant role to the adventitial VV in the early
atherosclerotic remodeling process before plaque forma-
tion.11
In the current study we applied the micro-CT technology
to the coronary arteries and LITAs from pigs receiving
normal and HC diets. In the normal group VV spatial
density was significantly lower in the LITAs than in the
coronary arteries. Exposure to an HC diet resulted in an
increase in VV density in both vascular beds, and the HC
group coronary VV density was significantly higher com-
pared with LITA VV density. Second-order/first-order VV
ratio in the LITA became significantly higher in the HC
group. These findings, together with the positive direct
correlation between VV spatial density and the second-
order/first-order VV ratio indicate that second-order VV
proliferation accounts for most of the increased VV density.
In line with the anoxemia theory of atherosclerosis,19 this
anatomic difference might be the result of vessel wall ex-
posure to different oxygen tensions. This is supported by the
increase in VEGF levels in both vessels after an HC diet.
NF-B transcriptionally regulates other proangiogenic fac-
tors, as well as the inflammatory response. Immunohisto-
chemistry revealed increased expression of NF-B in both
vascular beds in response to the HC diet. This inflammatory
marker is observed in the endothelial cells, as well as in the
adventitia-VV area, supporting its role in the inflammation
process during early atherosclerosis.
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Cardiopulmonary Support and Physiology Galili et al
CSPThere was an increase in the lumen area of the LITAs in
the HC group that was not detected in the coronary arteries.
These differences might imply that the remodeling process
in the LITA is different and might be more effective than
that in the coronary artery. The 2 vascular beds are histo-
logicaly different. Coronary arteries are muscular arteries,
and their media contain few elastic laminae and a large
amount of smooth muscle fibers. The LITA, in contrast, has
an elastic structure; its media contain few muscle fibers and
a large number of thick elastic laminae.20 In the current
study we observed an increased lumen area in response to
the HC diet only in the LITA, which could be related to the
elastic structure of the LITA.
Previous study in apolipoprotein E–deficient mice shows
that antiangiogenic therapy not only reduced plaque neo-
vascularization but eventually plaque growth.21 Further-
more, inhibition of angiogenesis has been shown to reduce
macrophages in the plaque and around the VV.22 In the
current study the absolute density of the VV was signifi-
cantly lower in the LITA than in the coronary artery, hence
exposing the LITA to inflammatory factors to a lesser
degree. The significantly low VV spatial density observed
in the LITAs in the normal group, as well as in the HC
group, might underlie the low incidence of atherosclerosis
in this vessel by rendering the vessel less susceptible to
endothelial dysfunction, angiogenesis, and inflammation.
This suggested pathophysiologic mechanism is in line
with the observation of a very low incidence of atheroscle-
rosis in the thoracic vessel.4 Nevertheless, further investi-
gation in human tissue exploring VV structure is warranted
to further elucidate the physiologic characteristics of vessels
with a low incidence of atherosclerosis.
In summary, the current study demonstrates heterogene-
ity in the structure of the VV between the coronary artery
and LITA circulation. Moreover, in response to an HC diet,
there was a differential response of VV proliferation. This
study supports a role for the adventitial VV in the differen-
tial expression of atherosclerosis in different vascular beds.
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